A B S T R A C T A reproducible method, adapted from renal micropuncture techniques, was developed for sampling 10-40 mul of a clear fluid from epiphyseal cartilage of normal or rachitic rats in vivo, either from the hypertrophic cell zone (CfI) or surface resting cell cartilage (LfI).
Characterization of this fluid depended upon quantitation of protein, total inorganic phosphate (Pit), total calcium (Cat), nucleotide, and hemoglobin in volumes of 20 mjsl. Established methods for macroscale measurements of each of these parameters have been modified to permit direct spectrophotometric readings on samples of 10-1°-10-" g.
The fluid from hypertrophic and peripheral resting cell cartilage was of an extracellular nature as evidenced by a high chloride and sodium, as well as low potassium, protein, and nucleotide content.
The pH of fluid isolated from endochrondral plates in vivo was measured under oil as a function of Pco2 and the computed bicarbonate was elevated above concurrent serum levels.
After ultracentrifugation of Cfu of normal, rachitic, and healing rachitic animals, nonprotein-bound calcium (Caf) and phosphate (Pi,) were determined on supernatant fluids. The hypertrophic cell cartilage fluid of rachitic rats was distinguished by a high ratio Cfl/serum INTRODUCTION Theories on mechanisms of normal endochondral calcification and dystrophic calcification of cartilage in man have been developed from studies of a variety of biological as well as physiochemical systems. Considerable information has become available concerning possible pathways whereby calcium and phosphate in the fluid phase of cartilage might be initially translocated into a solid phase. The initiating event in such calcification has been postulated by various investigators to result from increased concentration of the relevant ions (1) , removal of shielding compounds from nucleation sites (2) , destruction of circulating inhibitors (3), or synthesis of new nucleation sites (4) . Combinations of one or more of these processes are also possible (5) . Direct proof for any of these postulates has been 1 The symbol A has been used throughout this paper to represent ionic activity which is frequently denoted by A.
The Journal of Clinical Investigation Volume 47 1968 1 121 difficult, partly because in the assessment of hard tissue metabolism both in vivo and in vitro parameters measured by most classic techniques must reflect the average function of a large population of cells with diverse biological roles; among these cells only a portion is concerned with the process of calcification.
In the current report it is demonstrated that a distinctive fluid with extracellular characteristics can be aspirated in the amount of 10-40 m~ul from the hypertrophic zone of the upper tibial epiphyseal cartilage within or near a calcifying site or normally growing, rachitic, as well as healing rachitic rats in vivo. The latter preparations permitted testing the fluid phase during conversion of an essentially uncalcified into a calcified matrix. Evidence is presented that this fluid phase is altered in certain respects favorable to calcification. METHODS Animal preparations. For the normal control group, weanling rats of the Holtzman strain were placed, at the age of 3 (Table III) .
Rachitic animals received various regimens in an attempt to demonstrate a precipitation mechanism for mineral phase separation in the cartilage septa during healing of rickets. Rapid focal healing was induced by intraperitoneal administration of sodium phosphate (7) . Rapid focal healing was registered in animals (Table III) who received 0.1 mmole of disodium phosphate in 1 ml of saline intraperitoneally 24 hr before being sacrificed (7) . Rapid diffuse healing was induced by a program of either starvation (7, 8) or administration of one dose of Vitamin D2, 1500 U, together with a normal diet during the 24 or 48 hr period before being sacrificed. Slow or incomplete healing was induced by a daily dose of 0.1 U of vitamin D2 and continuation of the rachitogenic diet (6) . 2 General Biochemicals, Chagrin Falls, Ohio. For all administrations mentioned, vitamin D2 was emulsified in distilled water and the specified dose combined in 0.2 ml was administered by an oral tube.
Sampling of cartilage fluid. Rats were prepared and anesthetized with Nembutal as conventionally employed for renal micropuncture. The rats were placed supine in a plastic chamber and the left knee clamped in 300 flexion and bathed in oil kept at 37°C. For some experiments, the oil was equilibrated with 5% CO2 and 95% nitrogen.
After a small skin incision adjacent to the infrapatellar ligament, the perichondrium was displaced by blunt dissection and the epiphyseal cartilage plate exposed with almost no bleeding. Marrow, metaphysis, epiphyseal plate, and epiphysis were clearly identified under a magnification of X 50 with a dissecting microscope. Pyrex capillary tubing, 0.8 mm O.D. and 0.4 mm I.D., was drawn into micropipettes with 10-15 A tips. After sharpening these micropipettes we mounted them on a micromanipulator3 and filled them with dust-free Paraffin White Oil, USP (Saybolt 340-355). An aspirator with fine control, developed in this laboratory, was employed although other conventional aspiratory systems could be used. Micropipettes, coated with silicone, were calibrated by: (a) placement of a small plastic mark on the external surface; (b) aspiration of a solution of 30% p-nitrophenol to the mark followed by dilution to 20,l in 0.10 M NaOH; (c) measurement of absorbance at 400 mu in the ultramicrocuvette (see below); and (d) calculation of volume from a standard curve (9) . The micropipette was carefully placed for collection of fluid from the distal hypertrophic cell cartilage septa (Cfl) in the juxtametaphyseal margin of the cartilage plate identified clearly as a silver-grey structure with the tip 0.5 mm below the tissue surface and 2.0 mm lateral to the medial border of the tibial plateau ( Fig.   1 ). Negative pressures of approximately 100-300 mm Hg were applied for 10-30 min; thereby a sample of clear fluid, mul, was routinely obtained and delivered under oil to a micro concavity slide.4 With the micromanipulator and holder in the same position used for aspiration, a micropipette containing 7% trichloroacetic acid, 10% Car-bowax, and 5% ferric chloride in water was replaced to approximately the same position in the cartilage. About 50 miul of this mixture was injected as a marker. Serial histological sections were then made through the cartilage with cryostat microtome sections cut at 10 ,u thickness. These sections were subjected to a Prussian blue reaction for iron and counterstained with phloxine (Fig. 2) .
After each micropuncture aspiration, a blood sample was taken from the aorta and the animal was sacrificed by a blow on the head. Part of each contralateral knee for all groups of animals was fixed in formalin, embedded in paraffin, sectioned at 10 ,u thickness, and stained with 0. 1% toluidine blue and by the von Kossa method, as previously described (10) . Degree of calcification of cartilage upper tibial epiphyses (Table III) Fig. 1 .
Two methodological experiments were performed to check the source of Cfi. The first was to determine whether the film of fluid over the cartilage surface, through which the micro capillary pipette was inserted, descended through the tract made by the pipette and contaminated the final sample. Surface fluid was labeled by flooding the surface of cartilage before micropuncture with 0.2 ml of 0.9% saline containing 5 mg of Cardio-Green/ml.8 Oilfilled micropipettes were then submerged through the dye and aspirations made for fluid from the cartilage. These samples were diluted and read along with standards at the absorption peak for this dye (800 m1u) in the ultramicrocuvette. In samples of Cfl from 15 animals, dye penetrated in trace amounts indicating a contamination of cartilage fluid at a range of 1-3.5% with surface fluid, a level insufficient to interfere with these studies.
The second problem was the closeness of micropipette tips in hypertrophic cell cartilage to adjacent metaphysis during collection of cartilage fluid (Fig. 2a) . If cartilage fluid were derived inadvertently from the latter tissue, micro-dissected cartilage separated from the metaphysis and incubated in vitro should fail to yield fluid samples. To check this point, the tibial epiphyseal plates of 19 anesthetized rats were split sagitally and one-half of the plate quickly dissected free of metaphyseal granulation, as well as adjacent cartilage tips, blotted to remove blood, and placed in a concavity slide at 37°C under oil. Table II Cfi chloride were within 7-10 mEq/liter of the tion in the cartilage septa. Evidence from in levels in serum or Lf 1 for both normal and rachitic vitro studies indicates that this initial mineral animals.9 The normal Cf, levels of sodium and phase would convert spontaneously to an apatite potassium were compatible only with an extra-at pH 7.4 (3). The lowest A Ca++ X A HP04= cellular source. More than trace contamination product at which spontaneous precipitation ocwith blood or cartilage cells was further excluded curs in a synthetic lymph was studied by Fleisch by the findings of only traces of nucleotides and and Neuman (23) . In the latter study the hemoglobin quantitated directly in the Cfl of minimum product required for initial separation normal and rachitic rats (Table II) . The protein of a mineral phase from a supersaturated solution content of Cfl from normal and rachitic cartilage after 72 hr was 2.7 X 10-7. If the A Ca++ fluids was threefold greater than that of Lfl and X A HP04 of Cfl were significantly above this approximately one-third to one-half the levels in level in our new cartilage fluid, strong evidence serum, these differences being highly significant would be provided for involvement of a precipi-(P < 0.001). The composition of these proteins tation mechanism. This consideration led to in Cf, and Lf1 remain to be identified. the study of Cat and Pit (Table I ) and later to a This new experimental fluid permitted for the partition of Cat and Pit of Cfl to obtain the Caf first time direct testing of whether a mineral X Pi, (Table IV) .
RESULTS

Data in
phase, e.g., CaHP04 or CaHP04 2H20, might
The results of this initial survey on Cat and Pit not be precipitated from a supersaturated solu measured in Cf, of normal, rachitic, and various 9 Due to lack of information concerning water partition healing rachitic animals is shown in provide an optimal proportion of Cf1 from sites actually undergoing calcification. Also, to examine the problem in greater breadth, regimens were employed which provided different rates of healing as judged by histological evidence of new mineral phase separation within the slightly calcified or uncalcified matrix of rachitic epiphyseal plates (Table III) .
A consistent positive finding in all of the untreated rachitic animals was the high ratio of Cfl/serum of Pi,. This ratio remained high during treatment but before the cure of rickets in all groups except the starved animals, despite an increase of serum Pi, above control levels.
For the starved group, as well as normal controls, the ratio Cfl/serum of Pi was about unity. The Cfi/serum Cat ratio remained less than unity in all experimental preparations. In regard to the Cat X Pit product in Cf1 during healing of rickets, the highest level was recorded in animals receiving the massive dose of vitamin D and restoration of a normal diet for 48 hr. Accordingly, a partition of calcium and phosphate was performed on this group, as well as normal and rachitic controls (Table IV) (Table III) further partitioning of calcium and phosphate in Cfl of these groups was not attempted. In addition to the data of Table III, Cat and Pi, were also measured in serum and Cf1 in six groups (5-7 rats each) of rachitic animals before as well as after (Y4, 12, 1, 2, and 6 hr) intraperitoneal injection of 0.1 mmole of sodium phosphate. After sacrifice of these groups, their upper tibial epiphyseal cartilage was dissected free, sliced, and incubated in metastable calcifying solutions for 18 hr at 37°C (24) . An evaluation was made for mineral seeding in the cartilage according to the criteria of Sherman and Sobel (24) . First evidence of mineral seeding sites appeared in the cartilage of the groups sacrificed 2.0 hr after administration of sodium phosphate. In all of these experimental groups, including those sacrificed before 2.0 hr, the mean Cat X Pi, of Cf1 < 4 (mmoles/liter)2 (25) .
Partition of Cat and Pi, on the basis of ultracentrifugation reveals several differences in the profiles of Cf1 not predictable on the basis of serum proteins (Table IV) (20) , and that of normal rat sera measured by an ultrafiltration method (26) . Also shown in Table IV, are data on partition of Cat and Pi, of Cf1 in the group of rachitic animals healed with vitamin D and a normal diet for 48 hr. After 48 hr of healing with vitamin D2 and a normal diet, there remained a high concentration of bound calcium similar to that of untreated rickets but there was also 16% bound phosphate, which indicated a trend toward normal Cf1 partition of phosphate.
A consistent unexplained observation in all three experimental groups (Table IV) was a 7-18% lower value for Caf in Cf1 than in serum.
Finally, because of the high levels of pH of Cfl after ultracentrifugation (Table IV) , it was of interest to measure pH on Cf1 unaltered except in respect to arbitrarily adjusted levels of Pco2 in vitro (Table V) . For normal fresh Cf1 at Pco2 of 38 mm Hg the pH value was 7.58 :1 0.05. If the Pco2 was increased to 57 mm Hg, pH in Cf1 of normal animals after equilibration was reduced to 7.38. At Pco2 levels studied, the computed mean bicarbonate of normal Cf1 ranged from 30.8 to 35.6 mmoles/liter. The increment of bicarbonate Cf1 above serum levels appeared to account quantitatively for the deficit of chloride in Cf1 (Table II) . Mean pH of Cf1 from rachitic animals was slightly lower than from normal animals. The difference was not significant (P > 0.05).
DISCUSSION
In the current study, the first direct assessment of calcium and phosphate in a microscopic fluid phase from a calcifying site and the partition of these ions by ultracentrifugation has been made; the anatomical compartment from which the fluid was drawn and its extracellular nature have been defined.
The most important finding of this study is that the Caf X Pi, of microscopic fluid samples from calcifying septa were insufficient in any of the experiments to support a mechanism of initiating calcification by spontaneous precipitation, as described by Robison (1) . This conclusion is based on theoretical considerations developed in previous chemical studies of calcium phosphate precipitation in vitro (21, 23, 27, 28) applied to the partition of calcium and phosphate in Cf1 (Table IV) . Thus, the minimum total concentration product of Ca++ X HP04= found concurrent with the spontaneous precipitation of a calcium phosphate salt in vitro from protein-free solutions nearly physiological in constitution has been found to be circa 3.8 X 10-6 (23) . From this the value 2.7 X 10-7 is derived when correction is made for activity coefficients. The KBp for brushite or monetite at 1128 D. S. HoweU, J. C. Pita, J. F. Marquez, and J. E. Madruga Accordingly, the view that brushite or monetite (CaHP04-2H20 or CaHP04) is one of the first salts formed seems likely. However, initial precipitation of other salts is also possible, such as calcium-deficient apatite or tricalcium phosphate. This minimum activity product required for spontaneous precipitation of brushite when expressed as the corresponding product for tricalcium phosphate A Ca+3 X A Po4 2 would be 2.3 X 10-26, but inasmuch as no applicable K5p is available for tricalcium phosphate, its spontaneous precipitation cannot be predicted. Although the existence of the latter salt has been controversial in the past (30) , new evidence for its existence has recently been accrued, particularly in respect to the amorphous calcium phosphate phases in bone and cartilage (31, 32) . Regardless of the actual salt or mixture of salts formed at pH 7.4-7.6, the solubility of brushite has served as a guide to whether mineral phase will or will not separate by spontaneous precipitation and its solubility is used here for this purpose (23) .
Accordingly, for the current calcium and phosphate partition, the products A Ca++ XA HP04 were calculated, applying to the protein-free concentration values the activity coefficients calculated by Levinskas (21) for standard conditions in vitro (Table IV) . The concentration of soluble complexes of calcium which would not sediment under the conditions of this study could not be determined.
Also part of the Pi1 of the new cartilage fluids, could be organic acid-labile phosphate. Consequently, the values for A Ca++ X A HP04=
shown in Table IV must be considered as the upper limit values. A correction may be made for either the normal or these healing rachitic Cfi values based on the assumption that chelates and complexes comprise about 7-12% of the total calcium as found in a partition of normal human plasma (3, 32a) . After elimination of this fraction, A Ca++ X A HP04 for Cf, of normal and healing rachitic animals would be reduced from identical values 1.76 X 10-7 to 1.52 X 10-7, a level even further below the solubility product of CaHP04 2H20 (23) . In regard to preformed mineral, the range of dissolution products of hydroxyapatities is wide, but averages about 0.49 X 10-7 (3). Thus, for normal, rachitic, and healing rachitic cartilage fluids A Ca++ X A HP04 was less than that required for spontaneous precipitation of brushite, but above that required for accretion on preformed hydroxyapatite. The A Ca++ X A HP04 of normal and healing rachitic serum exceeded A Ca++ X A HP04= of corresponding Cf1 samples whereas the reverse was true for untreated rickets. A second problem is whether the Caf X Pif product was high in vivo but a mineral phase suspected to be present in normal Cf1 seeded the sample during collection with resultant lowering of this product. Evidence against this happening is found in experiments10 which indicate stability of Caf X Pif in the supernatant of Cf1 after ultracentrifugation 1-24 hr after collection; in such experiments Cf1 was incubated under C02 equilibrated at 37°C between collection and ultracentrifugation. Thus the data of Tables III and IV seem incompatible with a spontaneous precipitation mechanism unless the site of action were confined within cells or at cell margins, wherein changes of ion product would not register in the cartilage fluid composition.
The demonstration of a sedimenting macromolecular fraction in the Cf1 of rickets which binds calcium might be indicative of a normal preliminary step in the process of calcification (Table IV) . Of similar interest is the appearance of a phosphate-binding macromolecular fraction in normal Cfi. Relevant to this finding is a subsequent study (25) in which both an inhibitor of calcification and nucleating agent for mineral phase have been identified in Cf1 sediments from normal rats. This bound phosphate of normal Cf1 is acid-soluble and, therefore, is suspected of being part of a mineral phase suspended in Cf1. It is also possible that the acid-soluble phosphate is linked to some macromolecular component through the nitrogen of histidine similar to such compounds studied by Kundig, Ghosh, and Roseman (33) . The fact that the partition of calcium and phosphate in Cf1 of healing rickets in 48 hr (Table IV) Despite the wide differences in content of bound calcium and phosphate between the normal and the advanced healing rachitic preparations, A Ca++ X A HP04-upper limits were identical, a finding which is probably not fortuitous in view of the radically different treatment received by these animals ( Table IV) . As opposed to a precipitation in the septa, this observation is suggestive that there is a control mechanism to keep A Ca++ X A HPO4 within a narrow range of metastability. Downward adjustment of this product should be caused theoretically by efflux of mineral ions on to newly formed crystal surfaces or mineral embryos, as well as by buffering action of organic constituents. Also, a phosphate concentrating mechanism for upward adjustment of this activity product is possibly revealed in the high Cfl/ serum ratio of Pif (Table IV) (Table V) is dissolution of mineral embryos containing carbonate or other alkaline ions at the site of CfI collection. The complex composition of mineral phases formed in bone and cartilage has been reviewed by Bachra (40) , and some carbonate is incorporated in epiphyseal mineral phase. The possibility of dissolution of mineral to elevate pH is complicated by the fact that at least in vitro maturation of early calcium phosphate precipitates is accompanied by release of hydrogen ion as crystalline apatites incorporate hydroxyl into crystal lattices (27) . A similar maturation involving conversion of amorphous calcium phosphates to apatities is believed likely to occur in the hypertrophic cell zone of provisional calcification (31) . Accumulation in cartilage fluid at calcifying sites of fixed acid metabolites from local cartilage cells as well as carbonic acid are additional factors which might impair mineral accretion in the septa without an adequate system for hydrogen ion removal. It remains to be determined whether passive diffusion in vivo suffices or whether the high pH registers an ancillary mechanism in this respect. Finally, if Pco2 is not elevated in the calcifying sites, mineral phase accretion at the site of CfI collection probably occurs in the presence of an elevated pH. APPENDIX
The individual ion activity coefficients that have been used in the present report for correcting calcium and divalent phosphate molar concentrations are, respectively: 7ca++ = 0.36 and 7HP04-= 0.23. These values, first calculated by Levinskas (21) , were applied by Strates, Neuman, and Levinskas (28) 
